ABSTRACT-Cell numbers and vertical distribution of Synechococcus, eucaryotic phototrophic picoplankton and prochlorophytes as determined by epifluorescence microscopy are presented from 3 different epipelagic systems (the mesotrophic coast off Oman, the oligotrophic central Arabian Sea and the shelf edge off Pakistan) in the Arabian Sea during the inter-monsoon period 1987. The vertical distribution patterns are described in relation to the epipelagic structure of the respective study sites. Synechococcus dominated phytoplankton in the upper mixed layer and prochlorophytes at the bottom of the euphotic zone in the lower part of and below the deep chlorophyll maximum High pressure liquid chromatography analysis confirmed the presence of prochlorophytes and revealed vertical profiles of characteristic pigments of picoplankton orgamsms, chlorophyll (chl) a and b, dmnyl chl a (chl a;) and zeaxanthin. Cellular pigment concentrations of Synechococcus and prochlorophytes are presented.
It is widely recognized now that very small organisms (< 2 um), so-called picoplankton, play a major role in both heterotrophic and autotrophic processes in tropical and subtropical oligotrophic ecosystems. Recent studies demonstrated the high contribution of phototrophic picoplankton (< 2 pm) to total productivity in the Arabian Sea (Jochem et al. 1993 ). This paper is among the first full descriptions of the picophytoplankton community in the Arabian Sea with special emphasis on the prochlorophytes. Data . During the latter, only 2 stations were sampled for picoplankton studies, and picoplankton abundance was recorded at 4 stations along a transect crossing the shelf edge (Fig. 2) . Drift studies were performed by following the drift track of a drifter n g carrying sediment traps (80 to 120 m) as the major friction and drag. Detailed maps of the drifter tracks are given by Jochem et al. (1993) .
Water samples were taken with black 12 1 Niskin type water bottles. Nitrate was measured according to Grasshoff et al. (1983) . Chlorophyll (chl) a was determined either trichromatically (Strickland & Parsons 1972 ) and calculated after Jeffrey & Humphrey (1975) , or with a Turner Designs 10 fluorometer calibrated against trichromatically determined chl a. Another set of filters was stored frozen and was analyzed by high pressure liquid chromatography (HPLC) in the laboratory. For analysis and peak interpretation, methods of Fig. 1 Abundance of phototrophic picoplankton was determined by epifluorescence microscopy on black-stained 0.2 p m Nuclepore filters under blue-light excitation on a Zeiss epifluorescence microscope. Samples were filtered without fixation and cell numbers were estimated directly afterwards in a totally dark room, since fixation and frozen storage made detection of prochlorophytes impossible. Phycoerythrin (PE)-rich cyanobacteria, cf. Synechococcus, were distinguished by their characteristic orange fluorescence. Eucaryotic phototrophic picoplankton (EPP) were defined by their pure red fluorescence and size of 0.8 to 2.0 pm. Prochlorophytes were defined by their weak, pure red and rapidly fading autofluorescence that was distinguished from the appearance of EPP. They exhibited a strictly spherical shape of 0.4 to 0.5 yss size. For picocyanobacteria, more than 200 cells were counted, for EPP at least 50 cells, and for prochlorophytes, where detectable, more than 150 cells.
Results and discussion. The different epipelagic systems encountered at the 3 investigation sites are best seen in the vertical chl distribution which closely reflected the environmental conditions. Typical profiles for each study area are depicted in Fig. 3 .
Off the coast of Oman, the chl maximum shifted from the surface to form a subsurface maximum at 40 to 80 m but primary production always showed surface maxima. Nitrate in surface waters was up to 0.3 pmol I-' at the beginning of the drift (Stn 301, Day 1) but undectectable above 30 m after 14 d (Stn 391). Primary production decreased from 1.0-1.2 to less than 0.6 g C m 2 d l . Phytoplankton size structure shifted towards a higher contribution of picoplankton (Jochem et al. , and high sedimentation rates of biogenic matter (ca 480 mg C m 2 d l ) , predominantly diatoms (Passow et al. 1993) , were recorded. The central Arabian Sea displayed the vertical structure typically known for oligotrophic oceanic provinces with a pronounced subsurface chl maximum at the nitracline and maximum primary productivity in the upper half of the subsurface maximum. Down to 40 m, nitrate was undetectable. Production was moderate (-700 mg C m 2 d l ) and dominated by the picoplankton size fraction (Jochem et al. 1993) . Sedimentation losses were minor (ca 24 mg C m 2 d l ) and originated from the subsurface chl maximum .
The transect from the open ocean towards the coast of Pakistan (Fig. 2 ) revealed different epipelagic systems as can be seen from in situ chl fluorescence (Fig. 4) . Stations off the shelf edge essentially displayed the same vertical structure as found in the central Arabian Sea. The subsurface chl maximum was less pronounced and nitrate was undetectable down to 55 m (Fig. 3) . It was suggested that this system represented a decay stage of the 2-layered open oligotrophic ocean system; by the onset of the southwest monsoon, water masses from offshore were advected towards the shelf edge and onto the shelf. Deep nutrient-rich layers were cut off so that upward diffusion of nutrients, and subsequently primary production and phototrophic biomass, decreased (Jochem et al. 1993) . Heterotrophic processes such as bacterial production (Giesenhagen 1988) and zooplankton respiration (Nellen et al. 1988 ) gained more importance in community dynamics. The near-shore and shallow (73 m) Stn 566 also exhibited a subsurface chl maximum. Stn 568, however, was distinguished by its different vertical structure with a slight surface maximum that resembled provinces with high turbulence.
Phototrophic picoplankton stocks off the coast of Oman were distinguished from the other investigation areas by a pronounced surface maximum of Synechococcus even at the end of the drift period when the general structure of the epipelagic system turned towards a subsurface maximum (Fig. 5a ). Maximum abundance was 2.3 x lo5 cells m l l at the beginning but 3-fold lower at the end of the study period. EPP distribution, however, tended to have a subsurface maxima at about 20 m depth at the beginning of the study and 35 to 50 m later on; maximum cell numbers decreased from 9000 to 7000 cells m l l . Synechococcus outnumbered EPP by a factor of 10 to 20, sometimes 50.
In the central Arabian Sea, vertical distribution of phototrophic picoplankton followed the general pattern of a subsurface maximum (Fig. 6 ). Maximum abundance of Synechococcus was 2.3 to 6.1 x lo4 cells ml-'. Cell numbers of EPP were up to 4000 to 7000 cells m l l . Both Synechococcus and EPP population maxima at the same depths corresponded to the upper half of the subsurface chl maximum. Below, prochlorophytes could be detected with maximum numbers of up to 5.4 x lo4 cells ml-I at 70 m depth (Fig. 6 ). They could not be detected by epifluorescence microscopy in samples from above 50 m due to weak autofluores-
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Fig. 5. Abundance (lo3 cells ml-l) of (a) Synechococcus, and (b) eucaryotic phototrophic picoplankton along the drift study cence. It therefore is difficult to say whether the maximum cell numbers at 70 m depth represented their population maximum or is the effect of underestimation and the failure to detect all cells in shallow samples.
Abundance and vertical distribution of Synechococcus and EPP at the deep-water stations off the shelf edge off Pakistan were comparable to the central Arabian Sea. Both displayed subsurface maxima at 50 to 60 m depth (Figs. 7 & 8) . Synechococcus population maxima decreased by a factor of 3 towards the shelf (cf, Stns 581 and 560). On the shelf, the subsurface maximum was much broader and an additional surface maximum occurred (Stn 560, Fig. 7) . Generally, Synechococcus outnumbered EPP by a factor of -10. At all stations, prochlorophytes could be detected by epifluorescence microscopy in samples from below 50 m (Figs. 7 & 8) . Cell numbers were only slightly higher at the offshore stations (g3.0 to 3.6 x lo4 cells ml-I) than at the shelf stations (52.5 to 3.1 x lo4 cells ml-I) but only two-thirds of the abundance recorded in the central Arabian Sea.
Synechococcus cell numbers recorded in the central Arabian Sea were comparable to those from other tropical regions (e.g. Joint 1986 , Iturriaga & Marra 1988 , Gradmger et al, 1992 , Latasa et al. 1992 . Off the coast of Oman, however, they were almost 1 order of magnitude higher and in the range reported from Synechococcus spring blooms in the Sargasso Sea (Glover et al. 1988 , Olson et al. 1990a ), some tropical near-shore areas (Waterbury et al. 1986 , Gradinger et d. 1992 , BurkiU et al. 1993 , and some neritic temperate waters (e.g. Glover et al. 1985 , Jochem 1988 . Subsurface maxima had been described as typical for Synechococcus m early reports (Li et al. 1983 , Glover et al. 1985 . Since then, surface maxima are not only known from temperate regions (El-Hag & Fogg 1986 , Jochem 1988 , Kuosa 1988 ) but also from (sub)tropical oceans (e.g. Chisholm et al. 1988, Glover et al. 1988 , Olson et al. 1990a , b, Veldhuis & Kraay 1993 . In the strongly stratified central Arabian Sea, Synechococcus exhibited its maximum in the upper part of the chl subsurface maximum. On the shelf off Pakistan, however, which was characterized by weak stratification, a surface maximum occurred. Surface maxima were also found off the coast of Oman.
Other results from this study suggest that cold and nutrient-rich subsurface water may have been entrained into the euphotic zone (Jochem et al. 1993) as can be seen by the relatively high nitrate concentrations decreasing during the study. Despite the wellestablished stratification (thermocline at about 20 m; Jochem et al. 1993 ) during the study period, the amount of nitrate at the beginning (0.3 p o l 1 ' up to the surface) seems too high to have been entrained without recent turbulent processes. Similarily, Burkill et al. (1993) reported a change from subsurface to surface maxima along a transect towards the coast of Oman and Waterbury et al. (1986) depicted a profile with a surface maximum from the Pakistani shelf where mixing occurred down to 100 m.
It appears that Synechococcus form surface and subsurface maxima during weak or strong water column stratification respectively. This hypothesis is further confirmed by seasonal (Iturriaga & Marra 1988 , Olson et al. 1990a ) and regional (Shimada et al. 1993 ) studies meeting these different conditions. Along with the consolidation of the stratification off the coast of Oman, the exhaustion of 'new' nutrients (as seen from the decrease in nitrate) and the development of a subsurface chl maximum, Synechococcus abundance also decreased but the population maximum remained at the surface. This scenario strongly resembles that shown for a spring bloom and the subsequent transition into a subsurface system in the Sargasso Sea (Olson et al. 1990a) . Synechococcus obviously needs a longer time to change from surface to subsurface population growth (also in Olson et al. 1990a) .
EPP abundance did not vary much between study sites (4000 to 9000 ml-') and was comparable to reports from the Atlantic Ocean/Sargasso Sea (Glover et al. 1985 , Murphy & Haugen 1985 , Li &Wood 1988 , Li et al. 1992 . They generally showed subsurface maxima in the horizon of the subsurface chl maximum as previously described (Li & Wood 1988 , Li et al. 1992 , Campbell & Vaulot 1993 .
Prochlorophyte cell numbers of up to 5.4 x lo4 ml-I were comparable to those measured by flow cytometry from the Atlantic Ocean/Sargasso Sea (Chisholrn et al. 1988 , Li & Wood 1988 , Vaulot et al. 1990 , Veldhuis & Kraay 1990 , Li et al. 1992 but lower than those reported from Hawaii (Campbell & Vaulot 1993 ) and the Red Sea .
By the detection of their specific chl a derivate, divinyl chl a (recently assigned chl a-,; Goericke & Repeta 1992), HPLC analysis confirmed that small (0.5 urn), red, fluorescent cells were prochlorophytes. These organisms could only be detected microscopically below 50 m depth due to weak autofluorescence. HPLC analysis on chl ai (Fig. 9a) , however, proved that prochlorophytes were also present at shallower Chl b, present in both chlorophyta and prochlorophytes, was assigned to the latter because the absence of lutein in our samples indicated the absence of chlorophyta. Both in the central Arabian Sea and at the shelf edge off Pakistan, chl b tightly followed the depth distribution of chl a (Fig. 9a, b) . The occurrence of chl b in the absence of lutein even in surface waters in the central Arabian Sea indicates the presence of prochlorophytes up to the surface. At the shelf edge off Pakistan, chl b was, however, undetectable above 30 m depth. Lower chl b concentrations here as compared to the central Arabian Sea are concomitant with lower prochlorophyte cell numbers. No chl analyses were performed at this station.
At both stations, zeaxanthin, present in Synechococcus and prochlorophytes, did not reflect the subsurface maxima of these organisms. Thus, cellular concentration of zeaxanthin cannot be constant for either of them as described for Synechococcus by Kana et al. (1988) but decreases with depth. This is in agreement with zeaxanthin seen as photoprotective pigment (Gieskes & Kraay 1986 , Latasa et al. 1992 ).
The combination of picophytoplankton enumeration and HPLC pigment analysis enabled the calculation of cellular pigment contents of Synechococcus and prochlorophytes, where microscopically detectable. In samples with both Synechococcus and prochlorophytes, cellular concentration of zeaxanthin was calculated assuming the same pigment/volume ratio and mean cell diameters of 1.2 pm and 0.5 pm respectively. Cellular concentrations of zeaxanthin in Synechococcus from subsurface layers (0.6 to 3.3 fg cell1) were comparable to literature values (1.81 fg cell1, Kana et al. 1988 ; 2.0 to 3.6 fg cell-', Latasa et al. 1992 ). Estimated 2.8 to 7.9 fg c e l l 1 in surface layer samples are, however, above the published range and might result from the underestimation of the prochlorophyte share to zeaxanthin in shallow samples.
Cellular zeaxanthin concentrations of prochlorophytes of 0.1 to 0.6 fg c e l l 1 were lower than reported in the literature (Table 1 ) except for Chisholm et al. (1988) and Partensky et al. (1993) . The high 1.97 fg cell1 of Veldhuis & Kraay (1990) was, however, calculated by the authors assuming a constant pigment content of the co-occurring Synechococcus of 1.81 fg cell-' given by Kana et al. (1988) . The values of Goericke & Repeta (1992) are from cultures and may be different from in situ populations as cultivation often leads to physiological changes, whereas those of Vaulot et al. (1990) are derived from surface populations in the northwestern Mediterranean. The cellular concentrations of chl az (1.5 fg cell-') and chl b (2.2 to 5.7 fg cell1) are well within the range of published values (Table 1) . The shape of microscopically derived profiles often looks like those in the early prochlorophyte studies and obviously only the lower part of their distribution was detected. Whereas some studies showed the prochlorophyte maximum below that of Synechococcus (Chisholm et al. 1988 , Olson et al. 1990a , others report it above the subsurface chl maximum (Neveux et al. 1989 ) just above the nitracline (Veldhuis & Kraay 1990 , Shimada et al. 1993 . From the present study the prochlorophyte maximum appears below that of Synechococcus in the lower half of the subsurface chl maximum. Prochlorophytes contribute as much as or even more phototrophic biomass than Synechococcus and presumably a major part of the primary production at the bottom of the euphotic zone (Jochem et al. 1993) . Further studies by HPLC analysis and high sensitivity flow cytometry have to confirm, the regional and vertical distribution of prochlorophytes in the Arabian Sea, as well as the failure to detect them off the coast of Oman while considerable numbers were found off Pakistan. Combination of HPLC pigment analysis and shipboard flow cytometry sorting have to confirm cellular pigment content and its variability.
